Abstract: Salmonella Enteritidis (SE) is a major foodborne pathogen in the United States and one of the most frequently reported Salmonella serotypes globally. Eggs are the most common food product associated with SE infections in humans. The pathogen colonizes the intestinal tract in layers, and migrates to reproductive organs systemically. Since adhesion to and invasion of chicken oviduct epithelial cells (COEC) is critical for SE colonization in reproductive tract, reducing these virulence factors could potentially decrease egg yolk contamination. This study investigated the efficacy of sub-inhibitory concentrations of three plant-derived antimicrobials (PDAs), namely carvacrol, thymol and eugenol in reducing SE adhesion to and invasion of COEC, and survival in chicken macrophages. In addition, the effect of PDAs on SE genes critical for oviduct colonization and macrophage survival was determined using real-time quantitative PCR (RT-qPCR). All PDAs significantly reduced SE adhesion to and invasion of COEC (p < 0.001). The PDAs, except thymol consistently decreased SE survival in macrophages (p < 0.001). RT-qPCR results revealed down-regulation in the expression of genes involved in SE colonization and macrophage survival (p < 0.001). The results indicate that PDAs could potentially be used to control SE colonization in chicken reproductive tract; however, in vivo studies validating these results are warranted.
Introduction
Eggs constitute a vital part of the American diet with an annual per capita consumption of approximately 250 eggs [1] . Approximately 90 billion eggs are produced and 67.5 billion shell eggs being consumed annually in the USA [1] . Thus, the microbiological safety of eggs is a major concern from public health and economic perspectives. Salmonella enterica serovar Enteritidis (SE) is one of the most common bacterial agents causing enteric disease in humans, largely due to the consumption of contaminated eggs [2] [3] [4] [5] [6] . Humans contract SE infection via consumption of contaminated, raw or undercooked eggs. In light of increasing evidence linking human salmonellosis with consumption of eggs, the Food and Drug Administration (FDA) in 2009 [7] announced that eggs constitute the primary source of SE infections to humans, and issued a final rule that requires egg producers to implement measures to prevent the pathogen from contaminating eggs on the farm and further growth during storage and transportation [7] .
Cecum is the primary site of SE colonization in chicken [8, 9] , with cecal carriage of the pathogen leading to contamination of ovaries by transovarian route [10] . Additionally, uptake of Salmonella by hen's macrophages after bacterial invasion of intestinal cells aids in its dissemination within the host, including the reproductive organs [11] [12] [13] [14] . Contamination of egg contents (yolk, albumen and eggshell membranes) by SE can occur before oviposition [11, 12] , where Salmonella colonized in reproductive organs invades and multiplies in the granulosa cells of the preovulatory follicles in the reproductive tract [15, 16] . Since SE colonization in the ceca of layers results in the systemic spread of the pathogen to reproductive organs by transovarian route, decreasing the pathogen prevalence in flocks has been reported to result in a direct reduction in human health risk [17] . Control measures implemented at the flock level could reduce human salmonellosis from egg consumption, and was thus suggested as a primary focus of control at farm level [4] . Therefore, innovative on-farm strategies for preventing colonization of birds with SE are critical to prevent the pathogen contamination of eggs. Apart from reducing the colonization of SE in chicken cecum, a viable approach could be one that potentially reduces the bacterial virulence mechanisms, thereby reducing their colonization in the reproductive tract of birds, where eggs are formed [10, 18, 19] .
Historically, plants have served as a useful resource for the development of novel drugs against human and animal diseases. Plants produce a wide array of compounds, most of which as a defense mechanism against predation by pathogenic microorganisms and insects. Several plant compounds form dietary constituents as well as active components in a number of herbal and traditional medicines [20] . In recent years, the use of natural compounds has gained attention due to increasing concerns over the safety of synthetic chemicals [21, 22] and emerging antibiotic resistance in bacteria [22] . The antimicrobial properties of several plant-derived essential oils have been previously reported, and a variety of active ingredients have been identified [23] [24] [25] . Among the various plant-derived antimicrobials (PDAs), Carvacrol (CR) and thymol (THY) are present in oregano oil, which is obtained from Origanum glandulosum Desf, whereas eugenol (EUG) is a component of clove oil (Eugenia caryophillis Spreng). All the aforementioned PDAs are reported to have a wide spectrum of antimicrobial activity against several Gram-negative and Gram-positive bacteria [26] [27] [28] , and are classified as generally recognized as safe (GRAS) for addition in food products by the FDA [29] [30] [31] [32] . Our laboratory previously reported that Trans-cinnamaldehyde (TC) and EUG were effective in killing SE in vitro [33, 34] and reduced SE colonization in broiler chickens in vivo [35] . Additionally, research conducted in our laboratory revealed that sub-inhibitory concentrations (SIC, concentration not inhibiting bacterial growth) of TC reduced the attaching and invading abilities of uropathogenic Escherichia coli on human urinary tract epithelial cells, by down-regulating the expression of genes critical for host tissue colonization [36] . The current study was undertaken to investigate the efficacy of SICs of CR, THY and EUG in reducing the attachment to and invasion of primary chicken oviduct epithelial cells (COEC) by SE in vitro. Moreover, the effect of CR, THY and EUG on the transcription of various virulence genes critical for SE colonization in the chicken oviduct was studied.
Results and Discussion
S. Enteritidis is a major cause of food-borne disease worldwide, with the consumption of contaminated egg as the common source of human infection. In chickens, there are two possible ways by which the pathogen contaminates the eggs; by directly contaminating the outer surface of the eggs while transiting the cloaca, or by reaching the ovarian tissue via systemic circulation and contaminating the yolk prior to oviposition [15] . Salmonellae have been found on the mucosal surface and within the epithelial cells lining the oviduct in naturally and experimentally infected hens [37, 38] . Since the attachment and invasion of SE in chicken oviduct cells are essential steps in its colonization of ovarian tissue and contamination of egg yolk [10, 13, 39] , a potential strategy for controlling trans ovarian transmission of SE to eggs is to reduce pathogen colonization in the ovarian tissue, thereby decreasing its entry into the eggs. Therefore, this study investigated the efficacy of PDAs in reducing SE adhesion to and invasion of COEC.
Although all parts of chicken reproductive tract are prone to SE colonization, the isthmus is a critical site in terms of persistent reproductive tract colonization and egg membrane contamination by the pathogen before deposition of eggshell membranes [40, 41] . Since no established chicken oviduct epithelial cell lines are available commercially, we isolated primary COEC from the isthmus of chicken oviduct. The primary COEC model has been reported as a useful tool in studying the early interactions between SE and chicken oviduct epithelium [39, 42, 43] . Several studies have suggested that the epithelial cells (along with the lymphocytes and macrophages associated with the epithelial cells) of laying hens express a number of beta-defensins (AvβDs), which are antimicrobial peptides that play significant roles in the innate immune systems of the chickens [44] [45] [46] . Hence, in order to validate the COEC isolated in the current study, the presence of six AvβD genes was detected using RT-qPCR [42, 47, 48] . Our results indicated that the oviduct epithelial cells derived from laying hens constitutively expressed all AvβD genes (data not shown), thereby confirming that the cell line used in the study was of chicken oviduct origin. Figure 1 shows the adhesion to and invasion of 10 SE isolates on the COEC. There was no significant difference (p > 0.05) between the adhesion and invasion capabilities of the isolates on the primary cell line except for the invasion of SE 180 and SE 90 (p < 0.05). On average, ~5.0 log and 4.0 log CFU of SE attached and invaded the COEC, respectively. The mean attachment and invasion efficiencies of the 10 SE isolates on COEC were 85% and 65%, respectively. This is in accordance with a previous study, wherein a similar adhesion and invasion efficiency of SE on COEC was observed [49] . From the 10 isolates, three strains, namely SE 21, SE 28 and SE 457 were chosen for the subsequent experiments. Figure 1 . Adhesion to and invasion of 10 strains of Salmonella Enteritidis (SE) on chicken oviduct epithelial cells (COEC). Ten strains of SE were screened to determine their adhesive and invasive properties on COEC. The COEC were seeded on a 24-well tissue culture plates at ~10 5 cells per well, and inoculated with ~6.0 log CFU of each SE (MOI 10). The infected monolayer was incubated for 1 h following which the cells were lysed and the number of viable adherent SE was determined. For the invasion assay, the monolayers incubated for 1 h following SE infection, were rinsed and incubated for another 2 h in whole media-10% FBS containing gentamicin (100 g/mL) following which the cells were lysed and SE was enumerated. * Striped bars with asterisks representing adhesion of isolates on COEC did not differ significantly from each other (p > 0.05).
Black bars with different superscripts differed significantly in invasion of isolates to COEC (p < 0.05).
The two SICs of the PDAs that did not inhibit SE growth as compared to control were selected, which included 0.50 and 0.60 mM for CR and THY, and 1.2 and 1.8 mM for EUG. The average initial SE population in the control and treated samples was ~6.0 log CFU/mL. Following incubation at 37 °C for 24 h, ~8.0 log CFU/mL of SE was recovered from all wells, irrespective of control and compound treatment (data not shown). This confirmed that the concentrations used in the assay were not inhibitory on the bacterium.
All three PDAs significantly reduced SE adhesion and invasion of COEC (p < 0.001) (Figures 2 and 3 ). In general, the PDAs decreased SE adhesion and invasion of COEC by ~3 log CFU/mL and 2.5 log CFU/mL respectively. It was also observed that all PDAs at their higher tested SIC were more inhibitory on SE adhesion and invasion of COEC compared to the lower SIC (p < 0.001). Since there was no significant difference observed between the 3 selected strains, only the data for strain 28 is represented in Figures 2 and 3 . After incubating the infected monolayer for 1 h at 39 °C, the cells were washed three times followed by lysis using triton X and viable SE adhered were enumerated. For invasion, following incubation for 1 h, the infected cells were rinsed and incubated for another 2 h in whole media supplemented with 10% FBS containing gentamicin (100 g/mL). The cells were lysed and invading SE was determined. Since there was no significant difference between three strains studied, results are shown for SE 28 (p < 0.001). Treatments for each compound differed significantly from the control (open column) at p < 0.001. . The infected monolayer was incubated for 1 h at 39 °C. The cells were washed thrice with PBS followed by triton mediated cell lysis and the number of viable adherent SE was enumerated. For the invasion assay, the monolayers incubated for 1 h following SE infection, were rinsed with minimal media and incubated for additional 2 h in whole media-10% FBS containing gentamicin (100 g/mL). Following the incubation, the cells were lysed and invading SE was enumerated. Since there was no significant difference between three strains studied, results are shown for SE 28 (p < 0.001). Treatments for each compound differed significantly from the control (open column) at p < 0.001.
Since SICs of antimicrobials, including antibiotics can modulate bacterial physio-chemical functions, including that of genes, they are used for studying the effect of antimicrobials on bacterial gene expression and virulence [50, 51] . Moreover, since the SICs do not inhibit bacterial growth or reduce their populations, the reduction in SE adhesion and invasion of COEC may be due to the effect of PDAs in modulating the expression of genes associated with virulence in the bacterium. To ascertain this, we determined the effect of PDAs on transcription of 22 published genes critical for colonization of chicken reproductive tract by RT-qPCR (Table 4 ). The RT-qPCR results indicated that all three PDAs significantly down-regulated (p < 0.001) several oviduct-specific colonization genes in SE ( Table 1 ). The down-regulated genes included those critical for regulating Salmonella motility, namely flgG [14] , fimD [37, 52] , and prot6E [19] ; adherence and invasion, sopB [49] , and invH [53] ; type three secretion system (TTSS) genes, sipA, sipB, pipB, ssaV, and orf245 [49] ; cell membrane and cell wall integrity, hflK, lrp, ompR, and tatA, [14] ; exo/endonuclease activity, xthA [54] and mrr1/SEN4287 [19] and those involved in metabolism such as rfbH [55] , rpoS, [56] , and ssrA [57] . Among these genes, ssaV and pipB, although are integral of Salmonella TTSS, they also play a major role in macrophage survival of SE in the host cells [49] . In addition, ssrA has been observed to be associated with Salmonella survival in macrophages [57] . Other genes reported to play a role in Salmonella survival in macrophages are sodC [58] , spvB [59, 60] and mgtC [61] . The gene spvB ribosylates actin of the macrophages and destabilizes the cytoskeleton [59, 60] . Yet another virulence gene studied, invH, is an outer membrane lipoprotein responsible for Salmonella adhesion and invasion of the host cell [53] , which in turn is facilitated by sopB, that allows the uptake of the pathogen into the host system [49] . On the other hand, orf245 [49] and prot6E [19] are specific to oviduct colonization of SE and pipB, sipA and sipB aid Salmonella invasion and translocation of proteins through the TTSS [49] . The genes and their respective functions are provided in Table 4 . Although all three PDAs significantly down-regulated the expression of the aforementioned virulence genes, THY followed by CR, and EUG were effective in descending order in decreasing the expression of most of the tested genes (Table 1) . These results collectively suggest that these PDAs may be acting through different mechanisms, and genome-wide studies are needed to fully understand the mechanisms by which CR, THY and EUG attenuate virulence in SE.
The uptake of a pathogen by macrophages is a process that helps the host to defend against an invading bacterium and elicit a specific immune response. However, the ability of a pathogen to survive in the hostile environment within the macrophage offers it protection from the immune system and helps in its dissemination [62] . S. Enteritidis has the ability to persist in chicken macrophages, enabling its spread via the circulatory system to various internal organs, including the reproductive system [49] . The results from the macrophage survival assay revealed that the PDAs significantly decreased the survival of SE in chicken macrophages, although at different levels (Figures 4 and 5) . For example, in Strain 21, except THY, all PDAs decreased SE survival in macrophages by ~1.5 to 2.0 log CFU/mL at 24 and 48 h, and ~2.0 to 3.0 log CFU/mL by 72 h of incubation compared to controls (p < 0.001). However, in strain 28 all PDAs, including THY, were found to be effective in reducing SE survivability in macrophages (p < 0.001). Since SE 457 failed to survive in macrophages even in the absence of PDAs (control), no data are available for inclusion in the manuscript. RT-qPCR results supported the findings from macrophage survival assay, where the PDAs significantly down-regulated critical genes required for the pathogen survival in the macrophages. We observed that sodC was downregulated significantly by PDAs except EUG (Table 1) . sodC, is a critical gene for Salmonella survival in macrophages. Pathogens present in polymorphonuclear cells and macrophages are exposed to reactive oxygen species (ROS) that function to kill bacteria. As a defense mechanism, bacteria up-regulate the expression sod, producing the enzyme, superoxide dismutase to neutralize ROS [63] . Similar results were observed on mgtC expression, which is required for Salmonella growth at low-Mg 2+ concentrations and intra-macrophage survival [61] . Other genes for macrophage survival, including ssaV, pipB and ssrA were also significantly down regulated by the PDAs (Table 1) . macrophages were infected with 6.0 log CFU SE, and incubated at 39 °C for 45 min under 5% CO 2 . The macrophages were then washed twice and maintained in whole media supplemented with 10 µg of gentamicin/mL for 72 h. At 24, 48 and 72 h, the cells were lysed and the surviving SE was enumerated on XLD and TSA. All treatments except for THY differed significantly from the control at p < 0.001. (10 5 cells) were infected with 6.0 log CFU/mL of SE, and incubated for 45 min, following which they were washed and maintained in whole media supplemented with 10 µg of gentamicin/mL for 24, 48 and 72 h. The cells were lysed at each time point and surviving SE was determined by plating on XLD and TSA. Treatments for each compound differed significantly from the control (black column) at p < 0.05.
Figure 5. Effect of carvacrol (CR) thymol (THY) and eugenol (EUG) on SE 28 survival of HTC (Chicken macrophages). Macrophages

Experimental Section
Bacterial Strains and Culture Conditions
Ten strains of SE (Table 2) were screened to determine their adhesive and invasive properties on COEC. Since we did not observe any significant variation in the adhesive and invasive abilities of the 10 SE strains on COEC, three strains of SE, namely SE 28 (oviduct isolate), SE 21 (intestinal isolate), and SE 457 (egg yolk isolate) were selected for further investigations. All bacteriological media were purchased from Difco (Becton Dickinson, Sparks, MD, USA). Each strain of SE was cultured separately in 10 mL of sterile tryptic soy broth (TSB) in 50 mL screw-cap tubes, and incubated at 37 °C for 18 h. Following incubation; the cultures were pelleted by centrifugation (3600× g for 15 min) at 4 °C, washed twice and resuspended in 10 mL of sterilized phosphate buffered saline (PBS, pH 7.2). Serial, ten-fold dilutions were plated on duplicate tryptic soy agar (TSA) and xylose lysine deoxycholate agar (XLD) agar plates, followed by incubation at 37 °C for 24 h for bacterial enumeration [33, 64] . 
PDAs and SIC Determination
CR, EUG and THY were purchased from Sigma-Aldrich Inc (St. Loius, MO, USA). The SICs of each plant compound were determined as described previously [34] [35] [36] . Briefly, sterile 24-well polystyrene tissue culture plates (Costar, Corning Incorporated, Corning, NY, USA) containing 1 mL of TSB were inoculated separately with ~6.0 log CFU of SE, followed by the addition of 1 to 10 µL of CR, THY or EUG in increments of 0.5 µL. The plates were incubated at 37 °C for 24 h, and bacterial growth was determined by plating on TSA and XLD plates. The highest two concentrations of each plant compound below its respective minimum inhibitory concentration that did not inhibit bacterial growth after 24 h of incubation were selected as its SICs for this study. Duplicate samples for each plant compound were included and the experiment was repeated three times.
Isolation of Chicken oviduct Epithelial Cells
Primary COEC were isolated as described previously [42] , with slight modifications. The oviduct tissues of 25-28 weeks old, Salmonella-free layer hens (single comb, white leghorn) were obtained from the University of Connecticut poultry farm. The isthmal portion of the oviduct was removed, flushed thoroughly with HBSS (Sigma-Aldrich) containing 200 U/mL penicillin (Sigma-Aldrich) and 200 mg/mL streptomycin (Sigma-Aldrich). The epithelial cells were gently scraped of the tissue and treated with 20 mL of HBSS containing 1 mg/mL collagenase (Sigma-Aldrich) for 30 min at 37 °C. After collagenase treatment, the supernatant was discarded and trypsinization of tissue fragments was done using 0.25% trypsin and 3 mM EDTA in 20 mL of HBSS for 10 min at 37 °C. The cell suspension was added with 10% heat-inactivated fetal bovine serum (HI-FBS; Gibco, Invitrogen) to stop the activity of trypsin. The cell suspension was then passed through a cell strainer (100 μm) in order to remove any undigested tissue. The epithelial cells were centrifuged at 50× g for 5 min to separate cell aggregates from erythrocytes, platelets, and other immune cells. The supernatant obtained after centrifugation was discarded, and the pellet containing epithelial cells was resuspended in minimal essential medium (MEM, Invitrogen, Grand Island, NY, USA) supplemented with 10% HI-FBS, 2% heat-inactivated chicken serum (HICS; Gibco, Invitrogen), insulin (0.12 U/mL, Sigma-Aldrich), and estradiol (50 nM, Sigma-Aldrich). The COEC were incubated in a tissue culture flask for 2 h at 39 °C in 5% CO 2 to allow fibroblast attachment. Following incubation, the unattached epithelial cells were collected by gentle pipetting, followed by centrifugation at 125× g for 10 min. The pelleted epithelial cells were resuspended in whole medium and allowed to grow until a monolayer was formed. After four successive passages, the cells were seeded onto 24-well cell culture plates (~2 × 10 5 cells per well), and grown at 39 °C under 5% CO 2 for 24-36 h. The identity of COEC was confirmed by determining the constitutive expression of avian β-defensin (AvβD) genes (Table 3) by reverse transcriptase quantitative PCR (RT-qPCR) [42] . Table 3 . List of primers used for RT-qPCR to validate the primary COEC line [38] .
Gene Sequence
SE Adhesion and Invasion Assay
The adhesive and invasive abilities of ten S. Enteritidis isolates (Table 2) on COEC were investigated [65] . The COEC were seeded on a 24-well tissue culture plates at ~10 5 cells per well, and inoculated with ~6.0 log CFU of each SE isolate separately (MOI 10). The inoculated COEC cells were incubated at 39 °C in a humidified, 5% CO 2 incubator. The infected monolayer was incubated for 1 h to facilitate SE attachment, followed by washing to remove unattached bacteria. The cells were then lysed with 0.1% Triton X-100. The number of viable adherent SE was determined by serial dilution and plating on TSA and XLD plates. For the invasion assay, the monolayers were incubated for 1 h following SE infection, rinsed three times in minimal media and incubated for another 2 h in whole media-10% FBS containing gentamicin (100 g/mL; Sigma-Aldrich) to kill the extracellular bacteria. The wells were then washed with PBS three times, one mL of PBS containing 0.1% Triton X (Invitrogen) was added, followed by incubation at 39 °C for 15 min to lyse the cells and release the invaded SE. The cell lysates were serially diluted, plated on TSA/XLD plates and incubated at 37 °C for 24 h. The assays were run in duplicates and replicated three times.
The effect of CR, THY and EUG on Salmonella adhesion to and invasion of COEC was determined as above, except that the bacteria were grown to midlog phase without (control) and with the respective SICs of each plant compound before inoculating onto COEC.
Macrophage Cultivation and SE Survival Assay
Chicken macrophages (HTC, chicken monocyte cell line; [66] ) were cultivated in RPMI 1640 with 10% FBS. The cells were activated and plated as described previously [62] , with slight modifications. Twenty four hours prior to infection, the cells were seeded on to 24-well tissue culture plates and incubated at 39 °C under 5% CO 2 to form a monolayer. Each SE isolate grown to midlog phase in the presence or absence of SICs of CR, THY, or EUG was centrifuged (3600× g), and resuspended in RPMI media with 10% FBS. About 10 5 macrophages were separately infected with 6.0 log CFU of each SE isolate at an MOI of 10, and incubated at 39 °C for 45 min under 5% CO 2 . After incubation, the macrophages were treated with whole media containing 100 µg of gentamicin/mL for 2 h at 39 °C to kill extracellular bacteria. The macrophages were then washed twice and maintained in whole media supplemented with 10 µg of gentamicin/mL for 24, 48 and 72 h. The medium was replaced every 24 h. Macrophages were washed twice, lysed with 0.5% Triton X, serially diluted, and plated on TSA and XLD agar plates to determine the surviving population of SE at the aforementioned time intervals. All assays were performed in duplicates at least three times.
RNA Isolation and RT-qPCR
To determine the basal level expression of avian β-defensin (AvβD) genes, RT-qPCR was performed [42] using total RNA extracted from COEC, and primers specific for the AvβD genes (Table 3 ). Specific amplification of AvβD genes, including AvβD -4, AvβD -5, AvβD -9, AvβD -10, AvβD -11, and AvβD -12 was achieved with primers specific for each gene, and β-actin gene serving as the endogenous control. In addition, the effect of CR, THY and EUG on the expression of SE virulence genes was investigated using RT-qPCR. Each SE strain was grown separately with and without the respective SICs of PDAs in TSB at 37 °C to mid-log phase, and total RNA was extracted using RNeasy RNA isolation kit (Qiagen, Valencia, CA, USA). Complementary DNA (cDNA) was synthesized using the Superscript ІІ Reverse transcriptase kit (Invitrogen, Carlsbad, CA, USA), and was used as the template for RT-qPCR. The primers for each gene (Table 4) were designed from published GenBank, SE sequences using Primer Express® software (Applied Biosystems, Foster, CA, USA). Relative gene expression was determined according to comparative critical threshold (Ct) method using a 7500 Fast Real-Time PCR system (Applied Biosystems). Data were normalized to the endogenous control (16S rRNA), and the level of candidate gene expression between treated and control samples were determined. 
Statistical Analysis
Data from the adhesion, invasion, and macrophage survival assays were analyzed separately. Completely randomized design (CRD) with factorial treatment structure was followed for all the trials with factors including three plant molecules (CR, EUG, THY), two concentrations and three bacterial strains (21, 28, 457) . Each experiment was replicated six times (n = 6). Data were analyzed using the mixed procedure of SAS (version 9.3, SAS institute, Inc., Cary, NC, USA) for all assays, and with the repeated measures statement used for the macrophage survival assay (measurements taken at 24, 48 and 72 h of incubation). Least-squares means were generated for significant F tests (p < 0.001) and separated using least significant differences. For gene expression assays, differences between independent treatments were analyzed using two-tailed t tests, and a p value of < 0.001 was considered significantly different.
Conclusions
In conclusion, we found that three PDAs, CR, THY, and EUG significantly reduced SE colonization of cultured chicken oviduct epithelial cells by down-regulating the transcription of critical virulence genes in the bacterium. In addition, the PDAs decreased the survival of SE in chicken macrophages. Further experiments to validate these results in layer chickens are to be conducted.
